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ABSTRACT 

Design calculations and experimental test results for 
an automatic startup system for the Livermore Waterboiler 
are presented. Automatic startup from near source level 
(below the period meter range) to full power (500 watts) 
has been demonstrated with this system. Multidecade lop- 
arithmic power control also was demonstrated in the range 
0.05 watts to 500 watts. peganded period is continvously 
variable in the range @ to 10 seconds. Demanded power level 
is continuously variable from 0.05 watts to 500 watts. . 
Photosraphs of the control chassis and a schematic diagram 
of the control system are included. 

Tne Livermore Water Boiler Power Transfer Function was 
measured in the frequency ran:e 0.1 rad/sec to 157. rad/sec 
by the pile oscillator technique. Calculations and results 


of the measurement are included. 
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INTRODUCTION 

Tuere exist today in several countrics of the world 
@eG72ces %-.cn control nuclear reactors autonatically over 
several decades (1, 2, 3). Nevertheless, tucre are many 
Unsolved p-O [lems of automatic reactor control. Some of 
tiese nronlens exist because present day nuclea- reactors 
Povew meets -cedily controllable by human operators and, 
eee force ee le eeiand ©Or auvolkacvic cont-‘o0l nas not been 


SCUvee FUrternore, in™fts own ri-ht, the novelty of the 


controlled element is an important factor in the state of 
development of automatic control. 

What does automatic control of the reactor over several 
decades of power level have to offer? In answering this 
question, one must consider the type of reactor for wHich 
automatic multidecade control is proposed. 

In a research reactor, automatic multidecade control 
is an additional safety feature because it frees the opera- 
tor from certain specific tasks, thereby enablin~ him to 
observe more readily the overall behavior of the reactor 
Gurine @ change in power level. In routine irradiation of 
materials, automatic multidecade control pyrovides a means of 
accurately programming the flux levels and rate of change 
Steeriux Levels désired. 

In certain new power reactors, automatic multidecade 
eontrol becomes a necessity for proper operation of the 
reactor because of Xsnon poisoning effects, or requirements 
on rate of change of power demand, or because of the com- 
plexity of instrumentation. 

The regions in which little unclassified work has been 
done include automatic startup of a reactor from near source 
level where reactor period information is not available, dnd 
multidecade Log Power Control. | 

In an Sttenpt to demonstrate the feasibility of these 
control modes, and to evaluate certain aspects of design 


philosophy embodied in Tory II (4) as well as to provide an 


a 


automatic startup feature for the Livernore L-3 Waterboiler, 
a ten week program to design and test a reactor control de- 
vice was undertaken. 

Symbols used throuzhout this paper are defined in 


mooendix I. 


DESIGN REQUIREMENTS AND PHILOSOPE#Y. 

A. The automatic control system for the Livermore Water 

Boiler was desisned to include the followin. featuress 

1. Automatic startup of the Water Boiler was to be 
from low power to demanded power, 

2. Demanded period was to be continuously variable 
in the range oto 10 seconds. 

3. Demanded final power level was to be continuous- 
ly variable in the range 0.01 watts to 500 watts. 

_ ~=éBe Aspects of the design philosopry embodied in a pro- 
posed automatic control system for the Tory II Reactor (4) to 
be demonstrated included: 

fh Muoltidecads @veriod control. 
2. Multidecade log power control 
5. Control Mode Switching. 

C. Automatic Startup from near source level, where period 
titormation 18 not avallable for control purposes was to be 
demonstrated. 

2 In attempting to complete the design a unified or 
"systems engineering" approach was stressed. 
The desizn philosophy was centered about flexibility. 


This was dictated by the varied design requirements. Of 
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course, implicit in any desi n requirements for nuclear re- 
actor Gontrol systems is the consideration of safety. A 
third consideration was economy and maximum utilization of 
previously installed control equipment. 
Other desirable features included; reliability and 
Simplicity of construction, of maintenancs, and of operation. 
In keepin= with the aims of flexibility and maximum utili- 
Zecion of previously installed equipment, it seemed logical 
that the control device should imitate the human operator in 
so far as possible, consistent with the other design require- 


ments. 


DESIGN PROCEDURE. 

It was first necessary to obtain a detailed knowledge 
of the water boiler reactor, its existing controls, its kinet- 
ic behaviors, both theoretical and actual. This included a 
beeoretical study of nucléar physics, nuclear reactors in 
general, the water boiler in particular, as well as a review 
of the instruction books for the associated equipments. in 
addition, it was necessary to observe several manual startups 
mamerdcer to icarn the procedure used by the operators and the 
actual behavior of the reactor. 

In order to know the actual behavior of the existing 
control elements it was necessary to make transfer function 
measurements in some cases. This information was of value in 
Piemdeduen orocess of Control loop synthesis and stability 
investigations 


Accordingly, after a preliminary study, it was decided 
4 


to perform as many as possible of the followins experiments, 
under various conditions of loading where necessary. 
l. Log N Amplifier Transfer Function Measure:.ert from 
input. to: 

Gee rertod Output connector 

b. External Power Meter connector 

c. External Period Meter connector 

2. L-5 Reactor Transfer Function by one or more of the 
following methods: 

a. Pile Oscillator Frequency Response (5) 

b. Use of Autocorrelator with steady state 
measurements (6) 

c. Direct application of a Unit Impulse of Re- 
activity and wmmputation of Fourier Trans- 
form of response. 

@. Direct application of a Step in Reactivity 
with differentiation of response end com- 
putation of Fourier Transform of result. 

After a sufficient knowledge of the existing controls had 
been obtained, additional control elements were designed as 
necessary, and control loops were designed in accordance with 
the design purpose and philosophy. 

These control loops were then analyzed for stability 
space and speed of response using linear analysis techniques. 

This was followed by an analog  cornputer study of the 
entire control system including multimode startup and switch- 


ing with non-linearities included in the simulation. 


) 


Preliminary construction an testing of control sub- 
units pmoceeded concurrently with control loop design. The 
next step was construction and debugging of the control chassis, 
including an operational test of the control chassis with the 
Are log: - computer. 

Upon completion of these tests, the control system was 
ge at the reactor ahd used to operate the reactor, 
Several tests were run, the system was modified as necessary 
to improve performance. A system evalvation was made and re- 
commendations for an improved finalized version of the control 
system were formulated. 

DESCRIPTION OF THE REACTOR AND EXISTING CONTROLS 

The Livermore L-3 Water Boiler is a 500-watt solvtion 
type reactor. The core is a 12-1/2 in. 0. D. stainless steel 
sphere of uranyl sulfate solution (U05S0,). A graphite 
reflector is used. Light water is the moderator. 

The reactor is a research type, the maximum neutron flux 
available is 2x101° neutrons/em2 -sec at the glory hole 
through the center of the sphere. Figure 1 is a schematic 
representation.of the reactor. 


To remove the fission heat from the core, distilled 


water is circulated in tubing throuzh the core and through 
a heat exchanger employing e Freon condensing system. 

A closed gas handling system is used to circulate a 
carrier gas over the fuel solution for removal of volatile 
fission products, hydrogen, oxygen and water vapor. The 
hydrogen and oxygen are catalytically recombined, and 


all water vapor is condensed and returned to the core 
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tank. There is provision in the gas handling system for stor- 
age of volatile fission products and periodic removal of radio- 
active gases. Pressure in the sas system is maintained below 
atmospheric to prevent escape of radioactive zasses if a leak 
should develop. | 

The control and safety rod system includes two safety 
rods, a coarse control rod, and one regulating rod. 

The two safety rods are withdrawn by electric motor 
drive systems. The motors move carriages by means of a chain 
Grive. The carriages carry electromagnets which when ener- 
gized will allow withdrawal of the safety rods. The motors 
are Boston Ratio motors (57.5RPM). The safety rods may be 
withdrawn sequentially at a rate of about 8 seconds per rod. 
The rods are stainless steel tubes packed with boron carbide, 
Safety #1 controls 1.40%AK, #2 controls 1.20%AK; together 
they control about 2.50% AK. 


The coarse control rod controls approximately 1, 40% in 
reactivity, the regulating rod about 0.67%. Together they 
control about 2.00%AK. 

The coarse control rod is moved manually at two speeds 
(0.5 cm/sec and 0.05 cm/sec). The electric drove system is 
a 1/15 hp Bodine speed reducer motor. There is one fast 
motor and one slow motor. A magnetic clutch is used with a 
rack and pinion gear to move the coarse rod. 

The regulating (fine control) rod is equipped with a 
linear power set servo system. This is shown in block dia- 


fram form in Figure @é. 
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This system and its component parts will be examined 
in detail in this paper. 
ineacdpuLenmsto tcIe fas and cooling system indicators and 
control units, there are various power level indicating chan- 
nels installed. 
For low level start-up there are two Berkeley Count Rate 
Meters (CRY) using BFS detectors. 
For the upper six decades of operation, two Berkeley 
micro-microamneters using compensated ionization chambers 
as detectors are installed. In addition there is a Log-N 
Amplifier which furnishes Log Power and Period Information. 
This Amplifier also uses a gamma compensated ionization cham- 
ber (CIC) as a detector. For the purpose of obtaining watt- 
hrs. information, a Berkeley CHV - Scaler - Fission Chamber 
Channel is used. Brown Recorders are used to ive a record 
©f operation. Any of the above listed power indicating 
instruments will scram the reactor on excessive power level. 
Tne folloWing is a list of scram actuators: 
1. Excessive power level 
2. Fast period 
5. Excessive sweep-cas pressure 
4. Excessive fuel temperature 
5. Excessive hydrogen concentration in sweep ¢as 
6. Earthquake 
7. Low sas flow rate 
8. Wetee leak in eae-- pressure regulating system 


9. Operator Action 


10. Instrument power lost 

wl. Startup source not in place 

ee eee loeical Shield Doors open 

1S. soatety switches open inside biological “shield 

For a more complete but summary discussion of the re- 

mewor, its characteristics and controls, Ref. 7 from Which 
this summary is for the most part taken, should be consulted. 
For a detailed discussion,references 8, 9, 10, 11, 12, 13, 


and 14 should be consulted. 


ANALYSIS OF SONE CONTROL LOOP ELEMENTS 
(All symbols are defined in the Appendix 1) 
A. SERVO AMPLIFIER 
The equations and constants shown below are based upon 
Gemerderation of the actual amplifier circuit shown in Ref.16; 
Note that the amplifier tain is defined from consider- 
ations of a reactor transfer function based upon constants 
fwicenwearc used in Ref 15, but not in this paper. More recent 
constants are available and are used in the computer study of 
the system. Moreover, in the linear analysis to follow an 
Paymipboure 101m Of the reactor transfer function is used. 
Nevertheless, because the amplifier has been built 
based upon the desiztn calculations in Ref 15 and with Lae 
changing as shown in Ref 15, tren K.. will be as defined 


in Ref, 15 and indicated below, 


VG = ins = ais 
Transfer Function: amas (14455) ia 
K 
42 (2) 


tr Ky King Kc 


2 


where Ky — 0.09 = _0.09 (3) 
No No1Po 


Ko=0.5X107* to 2x10-4 reactivity/cm 


(in linear region choose Ka = 0.0192% AK/cm) 


X1.6X10° for P, =(2000 - 200) watts (4) 
X1.6X10© for P, = (200 - 20) watts 


X1.6X107 for P, = (20 - 1) watts 


-8 


Ky - 5x10-8 amp = Se 
watt reactor power Mo} 


Ky = 2.5X10-3 om/sec/volt 


Pes itt 


<2 
Ka_ 9X10~ X No] =0.518xX108 


No, iy RORTO“E AVERT, BRIO THE, SATO PRT VOTO he. 
PB, = 10W % 


K, _ 9X107? Xnoi 


: TOng] XSK1O-8-X VE XI, KIO? KZ, SXIO-OXI. SEXIO-4 (6) 
ay 


Ka =0.518X10° 


Po = 100W- 


Ky = 9X107°X no} 


100n,, X5x10-8 x iE Mimex10-5X2, 5x10-9X1, 92x10-2 ae 


My 20. a 


10 


500ng X510-8 x 2 X1.6x10°x2.5x10-5 x1,92x10-4 (8) 
7 
Ky = 0.1036x10® 


TABLE 1 

Py Ka Ka! 
lw O .518x10© 7, 2X106 
10W O .518X105 i ey ae) 
100W O .518xX10° 7.2X109 
500W O .1036x105 7, 2X104 


The relationship holds that; 


Bae Alene (9) 


Po 


The maximum A-C gain available from the amplifier is 
4X105 for 100% coarse cain control setting. 

If one desires to incorporate this amplifier in either 
Log P*“or PER*control loop,one mirht use as a conservative 
fain available figure, that corresponding to 50% coarse fain 
control setting of Kg =2X106. A fixed sain amplifier will be 
desirable in Los P and PER loops because the logarithmic 
Characteristic provides compensation for increasing power 
mevel> as Goes the inverse period characteristic in an 
approximate manner. 


%* Appendix I ae 


Additional servo amplifier notes: 

ms servo amplifier power supply furnishes, in addition 
to the polarizin. voltages, two phases of a three vhase supnly, 
One phase is used for filament voltage (phase B) and the sec- 
Sea phase is used to drive the synchronous converter. A 
phase sensitive detector (gsalvanometer) is supplied for deter- 
mining the phase of the output voltage as leadin~ or lagging 
phase A. 

When in manual operation, the output of the servo ampli- 

fier is dumped into a dummy load external to the amplifier. 
faeeuvomatic operation the amplifier output is applied to 
ae control winding of the Control Motor. 

One should point out that tre amplifier as desizned is 
adequate for its dssigned function of linear power set control. 
However, if one is to use this amplifier in other control 
loops additional problems arise and modifications tecome 
necessary. 

It was noted experimentally that tne amplifier overloads 
precotully only up to a certain point. Beyond this point, 
wevertOrm distortion occurs and the output si-nal is in error. 
76 is important from a design standpoint to avcid operation 
in this region of distortion. However, it is necessary to 
Operate the amplifier normally at saturation because of the 
high gain. 

The peak output voltage of the amplifier is 200 volts. 
The gain nominally may be as hich as 2X105 which means a 


Saturation input si:nal to the converter is of the order of 


te 


ZOO Volts — 
S106” = Of Lo milly volt 


Thus, if possible, any modifications to the imput stece 
of this amplifier should be avoided because of the inherent 
noise problems. However, an examination of the new Loc P 
control loop indicates a need for all of this 2X10° gain. 

Furthemiore, because the amplifier as designed is a 
Variable sain device, modifications will be necessary to 
provide fixed ain or at least nearly fixed pain for use in 
meeer and P:R control loops. 

MieesC Lo Lon thier Ss kb Ene requirement of providine for 
restoration to manual startup conditions in keeping with 


the design criterion of flexibility. 


B- SERVO CONTROL MOTOR AND GEARING 

Miemcontrol mocor installed is a Transicoil type 2200 
Beecitication nunber ll. It is a two phase induction motor. 
The reference phase is phase A of a 208 volt supply. In 
manual operation phase BC or CB is anrlied to the control 
Winding. in automatic operation prase A is shifted 90 
Gegrees throuzh the synchronous converter - amplifier 
Bercultry and asplied to the control winding of the motor, 
the resultant direction of shaft rotation depending on the 
phase of the voltase on the control winding with respect to 
PromvoltLa,;G on the reference winding. 

The control motor drives the regulatin: rod trrourh a 
S003] gear reduction and a rack and pinion arrancement. 

Speed torque curves for the motor are -iven in Ref. 15. 
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A maximum RPM of 1600 corresponds to the maximum rod rate of 
0.5 cm/sec. 

The transfer function (as given by Ref LS) tor-contre! 
motor and gearing’ 


ko — Se (10) 


(147,38) 


where Ky = em/sec/volt = max rod rate 0.5 2.5x10°2 (im 


_ 
ae 


max voltage 00 


and Ty 71/50 sec 
Re =) opK10"< (12) 


~ (4175078) ) 
C-REGULATING ROD (FINE CONTROL ROD) 

The regulating rod contains about one pound of boron 
Carbide in a stainless steel sleeve. Its total worth is 
about 0.57% reactivity, distributed roughly in cosinusoidal 
fashion over about 80 cm.of length. Maximum rod speed is 


0.5 cm/sec. 


Prangier functions : 

The transfer function is essentially frequency independ- 
ent in the frequency range of interest and is assumed con- 
stant in the analysis to follow. This latter approximation 
is valid to the extent that in most circumstances the rod 
will be used so that its maximum region of worth is control- 
ling the reactor. This maximum worth occurs where the rod 


worth is nearly linear with length. 


The transfer function has been evaluated based upon 


- 


14 


ses 


experimental data entitled Fine Control Rod Traverse, dated’ 
4/13/54 (part of Ref 14). Reproduction of tris curve is 


included as Figure 6. 5 


In the linear region 


Keele Ont =0,-3) O.1_ 0,0192% K ie 
My = Jiu (5.8-17. at Be = 9.01928 K/om Te 


or 
ww ip) 
meek _ 0.019204 K/em = 2.25X10°-~ P/om (14) 
A ee yw 
D. L-3 NUCLEAR REACTOR 
The Reactor Transfer MALO (as given by ees a 


it 
iss fp - fo | yw" yw - «hfe gro 7 a 
Sk at on Tot Jute , 


Figure 4 shows a pcssible block diazsram representation 
eo eqn (15). 

For convenience of reference, the symbols used in equa- 
tion 15 are listed below: (as they are defined in Ref. 16) 


Betf = {B = effective total fraction of all 
neutrons which are delayed. 


a7/ 
h*: pa = 1.15X10 sec. This number was obtained ex- 
Boff perimentally by a measurement 
of the reactor transfer func- 
tion. A detailed description 
of the measurement and resvlts 
obtained comprises Appendix II 


= the "effective" neutron seneration time in the 
reactor 


ds = neutron lifetime 
A,z= the fraction of all delayed neutrons which belong 


to the ith delayed group, 


15 


3 1 
ia 


aii 


| 


| Pf im 
L 

JESS 
EEEEEEC HES 


| 


HTEEEESCCoos RR 


eige 


ZI 

: 

Seece 

a 

a 
BRB. 22 


F 
ook 
| 


: 

: 

: 

rr 
Srne 
: 


Bees 
cH 
: 

: 
He 


HEE 
sosscesscevses 


.| 
Ho 
moar 

CHEE 


"Coe 
coor 
i oe |i tit ttitit | La 
“SRRERRERURSERBS cil al ee 
BREE ERERREEEEL hh 

hs al ee eee 
= |_| 


hind 
Mai aah | ee 
: ee aie LL = mp SERRE 
peepeppome ‘lin lil bg ie 
| 
| a a _ Li 


PEED NT 


wai 
it 
BS oe i 
aiite i 
Hae 
aaa 


z 
a 
_ an 
i 
- 
|| 
4 
Lal 


i 
ae 
: 


F 
: 
: 
ie 
ty 
; 


: 
rE 
: 


Te 

| eee re 
Zz : SURES 4 
2ia8 2 faa mia) pe ab td 
pitti tt ttt ett ttt tt tt ee 
tet | ET tT a 
p=] ested | | td fe feats | | TT ft [| | ll | 
<4 a Biadicl ‘7 


zi ge ie 


Do i i 
i i ok ie 
PPR PTT PPP Pe a 
SR RERERRERRRRARRERRREEEE 


i 
| v 
i} 


sevaaesaasaeesoseaerasessers 
EEE EEE EEE EEE 
PERE EEE CEP 


LL 


| 
| 


: 
ECE 


| 
Beene 
ARS 


-o6 
__ SRS 
JaaaR Bee eecere Bra 


7 
3 
i 
: 


. 


CREE EEE PEPE EEE 


a . 


fRo MPT AND 
DEL ae Oo 
NEUTRENS 


SK 


The 


pas ce say Ses 
| TEMPERATURE 
! 


| ReacrinTy Feed Back 


| Laat 


j | 

Ma piaLY hid aa 

Ke activiTY Feedback 
Loo P 


FiGURE 4 


AWe 


xe 


= ith neutron group decay constant 


_— 


a Ge =the temperature coefficient of reactivity 


in units of dollars 


Y= 


-2.6x1074 per degree centigrade 


the adiabatic rate of increase of the space average 
temperature per unit total fission rate (or power) 


tor tie reactor. 
0.01428° C/KW-sec 


the reciprocal of the characteristic mean time for 
loss of heat from the core, such that (Wis the rate 


of decrease of T (t)=( 1 seernl), 
100 


the increase in reactivity of tne reactor due to a 


unit increase in radiolytic gas volume (STP), that is, 


. the void coefficient of reactivity in absolute units 


"2, 


-7X1075 em7> at STP 


Px >P ere 


G = 


the adiabatic rate of increase of the total volume 
Gimeolr Of Tradiolytic ¢as in “solution per unit total 
fission rate (or power) for the reactor. G=4.16 cm 
G= 4,16 om/y, at STP 

the reciprocal of the characteristic time for loss of 
radiolytic gas from the core, such that V(t) cives 
the total rate of loss of gas from the soup. 

0.5 sec? at STP | 


The Neutronic Data used are those given by Ref. 18 
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and is listed telow for convenience of reference. 


TABLE I 
it e;/a A Hs: 
z 0.038+0.003 Ope te7 70,0002 
2 O221570.005 0.051740. 0008 
3 Ovlee 02016 0.11540.003 
4. 0.40770,007 0.511*+ 0.008 
o Go 12870, 008 1.4070.081 


An asymptotic Form of L-3 Transfer function for the 


frequency rane 0.01 to 1000 rad/sec may be considered. 


The following equations were developed from a ccnsider- 
ation of Figure 1] of Ref. 17 and are used in the loop stabil- 
ity analyses to follow. 


In the frequency range of interest , 
dP = hk (1+ S| 


é (16) 
a ak Jw TED | 
t= A= 0.0829 rad/sec 
= Je — bek- 0.00855 
ba BES OTe rad/sec (17) 
5 
i, 85 (18) 
K was ottained by a trial and error technique from 
Pepuce 1 of Ref 17, as follows: 
(1s) 


i” 


(71.1 corresponds to the generalized 1. used in the 


£ 


analysis in Ref. 17) 
fet w= 10 


120K a 
HOT OI) 


Kee 1 
ee ees 


fet 100, K=. 1 


1.55 
If one changes to 
ee =P, /11.85 (1 + £1/.0a297 Jw) con 
dK «SC 14d /74.3 Tf) 


memallow for the,.¢xpéerimental valué of (x, thre® expression fom 


seeeeocll) valid. Equation 20 is an asymptotic “expression 
foeecme water boiler transfer function in the frequency ran; e¢ 


of interest. 
BE - COMPENSAT&D IONIZATION CHAMBER #1 (SERVAMP CIC) 


Ref. 15 lists the transfer function as 


Ky = 5X107° amp/watt 
F COMPENSATED IONIZATION CHAMRER #2 (Lop w CIC) 
toemcrttster function Gi this’ unit is not necess:ry for 
MieelCop analysis. This ionization chamber is located 


Gurtner from the reactor core than is chamber #1. However, 


y 
ark d 
~ 
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for flexibility of programming of the computer it may be 


assumed to have the same transfer function as CIC #1. 


G THE LOG N AMPLIFIER . 

Mitcmuaeeecaoenot been uged) in a control loop and thé 
transfer functions from the input to the various outputs had 
to be determined experimentally. The RCL log N anplifier 
installed in the Water Boiler Control Console provides both 
LOG P and PERIOD signals to microammeters and strip chart re- 
corders. It also provides a LOG P signal for use in driving 
a period amplifier. The problem is to adapt this unit for 
mee in PERIOD and LOG P control loops. 

Figure 5 shows the various outputs of the Lor N ampli- 
fier. These outputs will be identified by connector (CN) 
number. The CN numbers used correspond to those shown in 
Radiation Counter Laboratecry Drawing No. 20105-1 Log N Ampli- 
fier and in UCRL B erkeley Drawing No. 2PL1IO14A Pile Power 
and Period Meter Schematic. 

Of the outputs shown in Figure 5, CN 8 was alresdy in 
use in the period scram circuit and CN 1l was already being 


used with a power recorder, 


1 LOG P CHANNEL 
The time dependent partsof the transfer function to CN 
10 and CN llare the same. 
The transfer function may be derived from an expression 
for the output voltage of a Log N Amplifier in terms of re- 


actor power, as given in Ref. 4. In terms of CIC output 
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curreiut instead of ee power ti:is expression is: 
Pe Yq 2 H 
Cw) ae! “Wy me (jw) (22) 


wiere I is the input current at CN 4 


a is the extrapolated value of I at V.30C, 


Pp 
ge me oy) j 
ye Mp = [onde + A bom Qh) | HCyx) (23) 


O 


fie. _m 4 (yw/ ; 
vas te (24) 


For determination of the frequency dependent part of 
tne transfer function the eoculipment arrangement shown in 
Ficuve 6 was used (or slisht modifications the-eto for diff- 
spet seale factors i-.volved at dicferent outputs) . 


Figures 7 and 10 show unit step inputs and corresponding 


outputs at CN 12 and CN 10, - 
H/jw/ 5 ae (25) 
. ie iy (io) 2 
Ae a (26) 
f = x ee nod; 
wnere ee =S7lse time 
Si L a 
Wy = 49 ae a / see (28) 
oy 
oe (29) 
ey ( | 


A measurement was also performed to determine the sain 
from CN 4 to CON 12 of the log N amplifier over the range of 
Current input levels to which the amplifier is sensitive. 


The arransement of equipment is shown in Fixure 8. 
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Pigure, 9 is a plot of the results. 
Table II is the data sheet upon which Figure 8 is based. 
The equation for the straight line approximation to the 


measured data shown in Figure &,. 


y = mx +b, X= _y = b (30) 
m 


In terms of the units of figure 8 


Nr Ocsd = or Lo (31) ee 
32 
Ip = 2X 10710 amp (32) 
Vee ot bor si 
32 ie (33) 


Therefore, from equation (24), 


— 


ar a H ( jw) 
Oel 


oL 
Thus the transfer function is; 
ov. al . en 
CIT ~ 32T (UHI7Sa.bjfwy) ~ Tlrt,sy (35) 


Figure ll shows the effect of impedance changes at ON 10. 


2. PHRIOD CHANNEL 

ON 8 and CN 9 are output connectors where a current or 
voltage proportional to the reactor period is available for 
Wse@einea control loop. As indicated in Figure 12 the signal 
obtained at CN 8 or CN 9 is a function of any coupling imped- 
ance attached to these connectors. To reduce the effect of 
loading to a minimum, a high imput impedance (30, 000-2) Brown 


Amplifier - balance motor = retransmitting potentiometer 
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will be used to couple the reactor period information to the 
period control loop. The frequency response of the amplifier- 
balance motor combination is considerably wider than that 
necessary for correct operation of the period control loop 
and therefore the amplifier-balance motor transfer function 
may be treated as essentially independent of frequency in the 
frequency rane of interest. Moreover, the gain constant 
for the composite period detector may be set within limits 
by choice of retransmitting potentiometer output voltage. 

Paeonis Composite period detector, then, the function 
of the loge N amplifier is as follows: 

teimee lop diode Seriormms the operation, 


Ve= k log Ii 
I, 


The voltage thus obtained, after suitable amplifi- 


cation, is subject to differentiation by an RO network. 


ms ae hs ee a ay Sd ee we 6 ody 


~y ESere JRE aN - 
- 4 ; ; me aM. an 
a pe i 2 er a ot erin a are chistes ~ Chiu DER LE ser se geen Ot eae SLE. 


The transfer function for the first block has been 


= 
he 
cs 


saown to ce of the form, 


KG) =_ Ky - 1 (37) 
af Tz Ts 


The transfer function for the second block is avproxi- 
mately that of a black box providing simple differentiation 
with a time delay, 


KG = ke S$ (38)- 


Taking these blocks in cascade, the overall transfer 


function is: KG — k35 
I(1¢TyS )(1+ TS) (39) 
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Before evaluating the gain constant for the composite de- 
tector, first consider the ideal case of no time delays in 
the Low N amplifier. 


Recall that 


WoC Kg log 1 (t) (40) 
Ly 
and that 
1 ae ae (41) 
dp/dt I/dt 
where T = REACTOR PERIOD 
since 
V, D av (42) 
tT = URE 
then 
ey © 
p= *] dI/dt — _k (43) 
it T 


that is, the output voltare of the differentiator in the ideal 
case is inversely proportional to the reactor period. 

Since the gain of the coupling network is a constant, 
it follows that the output voltage of the composite period 
detector is proportional to the inverse reactor period. 

The effect of tne exponential time delays in the log N, 

therefore, is to aeersae the period measurement so that the 

output voltage of the composite period detector is propor- 
tional to an indicated inverse reactor period, which approxi- 
mates the true reactor period. 

Based upon linear analysis considerations of loop gain 


and speed of response, the output voltae was taken to be 
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0.05 volts ,to correspond to a 30 second reactor period. 


Thus equation (39) may be written, 


KG = output — ,05 volts — (ks (44) 
input I ity 


T, (S) (45) 


where T, (S)= 30 sec=indicated reactor period. 
470 k > TS) 
KG = 1.55 (46) 
T(i+T,8) (rts) , 
Alternatively, if we consider I = I (t,T), by partial 


differentiation we may establish the -ain constant is a funce- 


tron of T. ele = aK ue = a 
2 (47) 
ARG Pee eat is 


The minus sign is removed by the choice of an odd number 
of stages of amplification in the log N, and the gain of the 
transfer function is again seen to be inversely related to 
the reactor period. 

Thus it is evident that automatic period control may 
provide an additional safety feature. By proper choice of 
the maximum period demand volta.‘e which may be programmed, 
the designer .restricts the shortest period which may be 
demanded of the reactor. This design consideration is dis- 
cussed further in Apvendix IV. It is noted here that this 
prevents the operator from inadvertently positioning the 
fine rod so as to demand too short a period. 
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In evaluatins the freque™cy dependent part of the trans- 
fer function an arranzsesent of ecuipment similar to thet 
siown in Fisure 6 was used. Fisure 14 shows tne response 
Of tre Lo: N Anp. at CN 8 to a step innut at ON 4, 

MeO ies1o-m Of ean. (44). it is evident that two time 
Gonsta ts need to be determined. These tine constants were 
detectined from Fisure 14, 

Fisure 15 is a sketch of the summation of exponentials 
eontributing to the response. 

Analytically, this represents a sum of tne forn, 

ene iia cae (48) 
where the Ky are of ecual magnitude but or opposite sign. 

Tq and Tp are the tines reavired for these factors to 
Pesen 37% of treir final value. 

Heol et euce lls 

Intercept of (f ="0) is 7.8 ecm 


eo Neor = eee 6 


Tg (45mm) = .9 seconds 


™ (29m) =| .04 seconds 
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2) Coen Way 


alternatives considered with reasons pro and con or design 


considerations listed. 


POSSIBLE MODES OF CONTROL 
Control of Coarse Rod and Fine Rod 
j 1. Relatively large amounts of reactivity available for 
control. 
ee Involves extensive modification of coarse rod control 


system for full automation of coarse rod, 


3. System normally used in control by human operator. 


Control of Fine Rod Only 

1. Less reactivity available than with coarse and Fine 
Rod control. 

2. Servo Control Motor and Amplifier are already in- 
stalled, the amplifier will have to be modified. 

me Lnsutficient reactivity available to control loop 


to make reactor prompt critical. 


Control by other means such as control using temperature co- 
weereicenu of reactivity. 

1. Extensive Preliminary Research is involved. 

ee Extensive changes in present equipment may need to 
be made. 

Oe Beveral safety considerations are unknown. 


4. All design objectives could not te met. 


SELECTED MODs OF CONTROL 


Find Rod Control wae chosen. However, a modified form 


abe 


of Coarse Rod - Fine aod Control was experimentally evaluated. 

In imitation of the human operator, it was decided that 
after the coarse rod had been withdrawn to a fixed position 
by the operator, the fine rod should be automatically with- 
drawn until a predetermined count rate was achieved, at which 
time the rod would be stopped and the reactor allowed to rise 
in power until sufficient information became available for 
meriod control. 

This method has the advantace of long term temperature 
feedback, in that the oredetermined count will not be achieved 
until a certain excess reactivity exists in the reactor if 
the fine rod is withdrawn at a constant rate. 

For example, the reactor may be started up with an init- 
ial core temperature of 49°F or if the building temperature 
es higher, tne initial core temperature at startup may be 55°F, 
Tm the latter case it is necessary to withdraw more of the 
iene control rod in order to achieve the supercritical condi- 
tion than in the former case, 

Essentially, this method ocrovides control of power level 
euevnben the rod is stopped. The optimum control would be 
Pouurnvoug  cOMbrO. Of rete or rige of power level, but instru-= 
mentation is not available in tne source ranze to provide this 
information. 

This method is referred to a INITIAL ROD DRIVE in this 
paper. 

A third method would be pro-ramminz the initial rod 
motion ky means of a computer control device as is done 
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with Tory II. This recuires instrumentation not reedily avail- 
able, however. 

Tneceesperiod rani_e it was decided to use period control 
or automatic Log P control in order to evaluate these modes 
Se. control. | 

inecwe 20wer range both Lor P and Lin P control was de- 
signed into the system in order to meet desi’n recuirements. 
meme conurol is sa proven control method. Lo; P control wag 
incorporated to assist in Tory II Design Philosophy evalua- 
Bion. 

A multimode controler aspect was included to allow auto- 


matic switching from one mode of control to another. 


FEATURES CF THE MULTIMODE CONTROLLER: 


The multimode controller required the desirn of new 
Pirecultry in Order to effect Switch-over from one control 
MOOD tO another at the tinves’ desired. 

To allow for the demandins of any power level, it was 
ecieca, Lorsv1 ven from one control loop to another using Log 
P Error information. This information is available over the 
power range and most of the period range. 

A device to effect this switch-over was dGesirned using 
Erongvscoreci CeCilury. snowever, In order to allow more flex= 
ibility this device was abaridoned in favor of another cir- 
cuit designed around Symplytrol* Relays. Nevertheless, it 
Psetoluepoeueta te uransi stor clrcuit is potentially a usefull 
one in reactor control. 


* Trademark Assembly Products Corp 
29 


Among the features incorporated in the multimode con- 
troller is a selector switch whereby prior to startup, the 
operator may select the control loops he desires to use in 
startup. 

Ei startup is to be from source level the stertup 
sequence may be Initial Hod Drive-Initial Rod Drive Stop- 
Fervod Control-Lin P Control, or Initial Rod Drive- Initial 
Rod Drive Stop-Period Control-Lo+- P Control. 

If the reactor is operating at some power level Py and 
iG is desired to increase power to Po wrere Po is greater 
than P,, the modes of control available are Period Control — 
ieee Control Or Period Control—Lozs P Control. Such is the 
case on restarts from the period ran:e. 

If the reactor is operating at some power level Je) and 
it is desired to decrease power to Po where Po is less than 
Pj} the modes of control available are Los P, oy Lin P to Log 

meco Gin P, 

For power chanzes on periods faster than 50 seconds there 
is provision for a "period run up" just prior to reaching the 
Gemanded power level to prevent overshoot in power level. 
ime power level, at whieh period is Increased, is adjustable 
as is the new demand period. 

The major controlling signal in switch-over points is 
the Log P error signal, By controlling the switch-over point 
iietimnerecOulimer or Per to Log P on the Lov P error Signal 
and switching at very slicvhtly above demanded power (LIN P), 


the initial motion of the control rod will always be inwerd. 
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This is similar to the procedure used by the operator wien 
switching from manual to automatic control using the linear 
power set. 

Control may be taken away from the automatic controller 
at any time by the operator throwing the auto-manual switch 


on the Reactor Control console to manual, 


COMPARATOR AND METER-“SLAY CIRCUITS 

The basic comparator circuit is that of a simple null 
type phase sensitive detector modified to meet the needs of 
the control loop in which it is installed. It is shown in 
Figure 16. 

As pointed out in Ref 19, the relation 


&o = (52) 
Re ith 


should be maintained for test performance and accuracy 
unless Rg and Qh >7 Ry and Ro . Symbols refer to Figure 1é. 

The null type detector shown in Fig. 16 wes Chosen be- 
cause of its common terminal feature and because it is 
phase sensitive. 
AP PERIOD CHANEL COMPARATOR 

Some factors considered in the design of the pveriod 
channel error detector ares: 

1. Type of Potentiometer available for mounting on 
the Brown Recorder Mechanism. 


2. Power suvplies available. 
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FIGURE 16 


TRANEER FunCTi0ON of PeRiod 
QOHANNEL ERROR DeTealsR 


FICURE 7/7 


a. Positive and Nezative Supplies 
be. Power Output 
c. Voltage Output 
d. Voltage Regulation 
3. Servo Amplifier Requirements. 
a. Optimum source impedance 
be. Range of error voltage 
4. Possible shielding requirements for handling low 
level signals in high impedance circuits. 
2. Error Detector Requirements. 


a. Optinum R, to Rg ratio 


b. Power handling ability 
c. Precision of components needed 
d. Mechanical design features 
6. Loop Transfer Functions. 
a. Effect of detector gain on system stability 
and response speed. 
7. Eifeact of Multimode Controller 
were Figure 17) 
Sen Feriod hunup 
This is accomplished by shunting the Demand Period 
Potentiometer by a resistance at the appropriate time in the 
startup sequence. This is designed to give the same runup 


period for various Per Demands. 


B LOG P CHANNEL CONPARATUR AND KETER RELAYS 
Many of the factors considered above were also necessary 


considerations rere. 


Relay 
Designation 
(Figure 18) 


uy 


10 


11 


Range 


0-200 eta DC 


0-200 oA a DC 


0-200 oa DC 


0-50 wa DC 


0-50 a DC 


Load Relay 
Contact 
Rating 


110V AC, 
250ma 


110V AC, 
250 ma 


Llov Ac, 
250 ma 


1LOV AC, 
250 ma 


LLOV AC, 
250 ma 


TABLE ITI 


VERSATROL DATA 


Contact 
Arrangement 


Low Limit Single 
Contact 
Adjustable Man. 

Reset 


Low Limit Single 
Contact. Adjust- 
able Manual He- 

set 


High Limit Single 
Contact 

Adjustable Auto. 
Reset 


High Limit Single 
Contact 

Adjustable Manual 
Reset 


High Limit Single 
Contact 
Adjustable 

Manual Reset 


Coil 
Arrangement 


Isolated 
Coils 


Isolated 
Coils 


Isolated 
Coils 


Isolated 
Coils 


Isolated 
Coils 


Size 


351 € 


«351 C 


351 C 


351 €C 


351 C 


Remarks 


1. In original 
model range 
0-50 microamp, 
only was avail- 
able and used 
for all meters. 


es on original 
model Versatrol 
load relay cir- 
cuits were not 
available and 
substitute cir- 
cuit shown in 
Fig. 20 was used, 


3. Size 451 C 
only was avail- 
able and con- 
trol chassis 
front panel was 
modified accord- 


ingly. 
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In addition the desizsn of multimode controller units 
and their effect on the error detector had to be considered 
here. The detector is shown in Figure 18. (Figure 18 is 
the schematic for the experimental control system.) 

Meter shunting diodes were usec to allow the use of a 
sensitive meter for small error signals and to allow relative- 
ly large currents to pass through the diode shunts. 

Blocking series diodes were used to protect the meters 
against signals of the phase opposite to that for which the 
meter was designed to indicate. Suppressed zero meters had 
been considered but were not satisfactory. for this applica- 
tion. 

Type IN-205 diodes were chosen on the basis of a very 
hirh front to back ratio, current handling capability, peak 
inverse voltase requirements, and availability. 

Resistors were chosen consistent with the components 
already chosen and external requirements on the error detect- 
Ors 

Versatrol relay data is tabulated in Table III. 

The log P error detector shown in Figure 18 was designed 
allowing for a maximum 10:1 decrease in sgi"nal level. The 
actual attenuation achieved may be computed anvroximately 


from the equivalent ckt. shown in Figure 19. 


Co INITIAL ROD DRIVE CHANNEL ERROR GENERATOR & METER RELAY CIRCUIT 
The initial rod drive error signal source is merely a 
modification of the basic null type detector. 


The CRW meter relay circuit is a slightly modified ver- 


4 


FiGuRE [7 


sion of a meter circuit specified by the CRM instruction mar 
ual for the use of an external meter with the Ci. Again, 


the shunting diode allows use of a more sensitive meter, 


D LOG N METER RELAY CIRCUIT 

The log N meter relay circuit is patterned on the Ch 
detector mith the change that a 1N-34 diode is used instead 
of a 1IN-205. The less-severely-non-linear characteristic, 


and higher current handling ability of the 1N-34 provides 
better protection for the meter which is operated offset 
below O dial divisions part of the time. 

‘The "Meter Load Relay” circuit shown in Figure 20 was 
designed by Mr. Bob Marshall of Livermore Radiation Lab as 


a substitute for similar Versatrol units which were not 


immediately available. 


Many of the design considerations entering into the de- 
Sign of the Power Relay Circuitry shown in Figure 1& are men- 
tloned in the description of relay operation which follows. 


MULTIMODE CONTROL - OPERATOR PROCEDUR=s AND RSLAY SEQUENCES 
A ID-PER-LIN P SEQUENCE (Cold Startup) 

The operator turns on DC power, then AC power, and sel- 
ects Lin only on the Mode selector switch. He then checks 


that all sensitrol relays are reset. Ef necessary, he resets 


the relays by pushing the appropriate reset button. 

It is assumed that all reactor console checks have been 
Semplecearand that the initial rod rate demanded psriod and 
demanded power levels have teen set onthe Auto Controller and 

servo Amplifier and corresponding limit contacts have been set. 
(With repeated operation, these controls may be left set at 
the normally used positions). 

The operator manually withdraws the safety rods and 
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coarse control rod. (Appendix III Discusses as yet untested 
circuitry to automatically accomplish this function). Hse 
then turns the Auto Manual Switch on the Reactor Control 


Console to Auto. 


Turning on the AC power causes the following events: 

1. Turns on AC oower on" light (white) 

2. Energizes relay 12. Relay 12 is a fail-safe 
feature. If relay 12 is deenergized a net error voltage 
is applied to the servo amp which causes the fine control 
rod to move all the way in. 

S. Energizes relay 5. This relay action connects the 
initial rod drive channel to the servo amplifier. This is 
a fail-safe feature in that positive action is required to 
allow fixed error drive of the fine rod. 

4. Energizes relay 7. This allows the period channel 
to be used later. This is a fail-safe feature in that posi- 
tive action is required to allow period control. 

5. Turns on Initial fod Drive Licht (Red) in conjunc- 
tion with action of relay 7. This light indicates present 


mode of control. 


Switching to Automatic initiates the following sequence: 
Connected the output of the servo amplifier to the servo 
control motor which allowed the fixed error signal from the 
initial rod drive channel to start moving the fine rod out. 
A siznal from the Fission Chamber Channel causes Symply- 
trol relay RE 11 to make contact with the upper limit set. 
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This actuates Load Relay RE 1l1A which actuates RE 4, and turns 
env initial kod Drive Stop Lieht (LT 3S Red). 

Relay 4 opens the Initial Rod Drive Channel and applies 
a short circuit-ground across the input to the Servamp causing 
the fine rod to stop. 

A signal from the Log N amplifier (CN 8) causes Symply- 
trol relay RE 10 to make contact with the upper limit set. 
This actuates load relay RE 10OA which turns on PER Control 
Light (LT 4 Red), and also actuates RE 2. 

Relay 2 deenerrizes relay 3 and relay 4 and turns off 
LT 5 and LT 2. By deenergizing relays 3 and 4, relay 2 
connected the PER Channel to the Serv Amp. 

The fine rod is moved by the error signal so that the 
reactor period is adjusted to the demanded period. 

If the period run-up feature is being used, when the 
Lor P error signal reaches a pre-set level,Symplytrol relay 
RE 1 makes the lower limit contact which actuates RE 1A 
which shunts across the Period Demand pot a resistance, thus 
increasing the demanded period. The reactor adjusts to the 
new demanded period. The amount of resistance in the shunt 
is controlled by a screw driver adjustment on the rear of 
the Auto-Controller chassis, 

When the reactor power level is very slichtly above the 
demanded power, Symplytrol relay RE 5 makes the lower limit 
contact. RE 5 energizes RE 5A which energizes RE 6 and 
deenergizes RE 7. 

Déenergi zing relay 7 disconnects the Per Channel from 


the Serv Amp and Connects the Log P error channel to the 


o7 


Sery Amp. it also turns off Lt 4. 

me oO turns On Lin P control liv~ht 6 and disconn®cts the 
Loe P Channel from the Serv Amp and connects the Lin P Channel 
to the Serv Amp. RE 6 also disconnects the semi-fixed gain 
section of the Serv Amp. 

The fine rod moves so as to level off the reactor at the 
demand power level. 

In this mode of control, RE 8 acts as a safety feature. 
If the log P error chanzeés sign and increases Symplytrol as 8 
upper limit contact makes. This energizes RE 8A which ener- 
gizes RE 9 which deenergizes RE 7, putting the reactor on Log 
MecoNLTol, in this cases 2 also turns on Log P controll Jigme 
5 (yellow). This action of RE 8 is solely a back stop type 
of action and does not occur in normal operation of the Per - 


Lin P Control Mode. 


B ID-P2R-LOG P SEQUENCE (Cold Startup) 

The operator turn on DC power, then AC power and selects 
Log only on the Mode Selector Hae He then proceeds as in 
Be) Per = Lin P startup. 

Relay and Licht Sequence is the same up to the point 
where Symplytrol Relay RE 5 makes the low limit contact. 
This energizes relay 5 A which now has no effect. 

The log P error signal reduces to zero and changes 
sign as the reactor power level becomes very slishtly above 
that: demanded ty the Lo; P Demand Setting. This action 
makes Symplytrol relay RE 8 upper contact which energizes 
relay 8A which energizes relay 9. 
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Relay 9 deenergizes relay 7 which connects the Log P 
error signal to the Servo Amplifier. with the error of such 
polarity as to cause the fine control rod to always initially 
move inward. Relay 9 also turns on Lt 5 which indicates 


eg P Control. 


C - RESTARTS 

1. Any restart from the source range is the same as a 
cold start in so far as the automatic control system is con- 
cerned. 

2. A restart from the lower part of counter range auto- 

matically, requires that RE 11 upper limit contact be reset 
S scale divisions above the count rate level indicated at 
the time of Restart. This Figure of 5 scale divisions was 
experimentally determined and is subject to correction as 
the result of additional experimental evaluations. 

So. A restart from the upper part of the counter rance 
may be accomplished in theory by resetting the range switch 
on the controlling CRM and proceeding as if on the lower 
part of the counter range. However, in practicé, it has been 
found safer to not restart from the upper part of the’counter 
range and to remove the ranse switch from the controlling CRM 
because of the possibility of operator error in setting the 
switch on too hish a range for an initial start-up. 

4. <A restart from the period rance, the most usual 
case, is achieved by merely not resetting relay 10 prior to 
placing the system in automatic control. 


In any restart, the relay sequence will be the same as 
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from a cold start with the one difference that some »nart of 
the relay sequence will have been effectively completed prior 


to restart. 


D - POWZR LEVEL RUNDOWN 

If the reactor is operating at some power level in Lin P 
control, the operator may select the Lin - Lor mode of overae- 
tion and reduce power over several decades using Log P control. 

Prior to selecting Lin Log control, the operator sets the 
Log P Demand Pot at the new demanded powsr level, 

When the operator switches to the Lin Log mode of opera- 
tion, relay 8 upper limit contact makes, provided the new 
power level is significantly less than the original power 
level. (If it is not, the reactor remains on Lin P control 
which is adequate for small power decreases.) Relay 8 energ- 

‘izes relay 8A which energizes relay 9 which turns on Lt 5 and 
simultaneously relieves relay SA of the burden of maintain- 
ing relay 7 deenerfrized. Relay 9 also deenergizes celay 6 
Bageturaswortslipnt 6, thusmoutting the reactor in lor P 
control. 

An additional feature, yet to be tested exierinen tena 
provides automatic reset action of RE 8 when in Lin Log con- 
trol mode. This will allow the reactor to ‘3s brourht to a 
lower power level on Log P control and a: tomatically placed 
on Lin P control when at the lower power level. It is nec- 
essary to reset the Lin P demand pot to the new power level 
in the interval that the reactor is reducing power on Log P 
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control, or at the expense Gmeaddievonal complexity in) des ismen, 
a second linear P Demand Potentiometer could have teen acded 
to allow the operator to make all settings before initiating 
the sequence. Either scheme requires a Versatrol automatic 
reset feature and an additional sections on the Mode Selector 
switch to provide for uss of thistauto reset in the Lin Log 
mode only. 

If the Log mode of control has been selected, the power 
level may te geauead to any new power level by merely reset- 
ting log P Demand Pot. Since Lin P control ohly functions in 
the ranve 1 W to 500 Watts, the Log P mode of control has 
found application in the range .02 W to 1 W where it has exper- 
imentally shown satisfactory control characteristics as well 


ag in the range 1 W to 500 W. 


CONTROL LOOP ANALYSIS; 
A. INITIAL ROD DRIVE-STOP CHANNEL 


This control loop contains a non-linear element, the 
relay. The feedback channel is not used in the ordinary sense 
as part of a continuous or sampled data closed loop. The 
feedback loop merely serves to switch once in the startup 
sequence from one forward control loop (the initial rod drive 
channel) to another, the initial rod drive-stop channel. 
Nevertheless, the block diagram shown in Figure 21 does illus- 
trate the advantage of feeding back a count rate instead of 
Pencrol red position; is¢é., the amount of nerative reactivity 


which must te removed to make the water toiler supercritical 
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is quite dependent on core temperature at the time of startup. 
The instrumentation from fission chamber to CRM is a stand- 
ard UCRL arrangement. 
The fission chamber was located in a port underneath the 


the reactor. 


B. LINEAR P. CONTROL LOOP 

The linear P control loop has been in use since the reactor 
was built. This loop was designed by North American Aviation 
Company to control power output of the reactor only after the 
reactor had been manually brought to the desired power level. 
As pointed out in Ref. 15, it does not operate well when used 
for a change in power level of the reactor, because in the sta- 
Hbilizing process, the high gain servo amplifier originally 
caused to saturate in one direction by a manual change in 
Power Set, goes into saturation in the reverse direction. 

The servo amplifier gain varies from less than 102 ce 
a Xx 108, depending on the setting of the Power Set. The 
purpose of this variable gain is to compensate for the differ- 
ent reactor gains at different power levels, and, thereby, 
provide a constant open loop gain for power levels from 2 W 
to 2000 Watts. The inverse P shaped gain characteristic of 
the amplifier was obtained by a combination of switching 
resistors across which the lonization chamber output voltage 
was developed, and by the use of a loaded gain compensating 
potentiometer in the grid circuit of the third stage of the 
amplifier. Reference 16 discusses ecie Gesign. In Figure 22, 


the control loop is shown in block diagram form. 
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A linear analysis of this loop tased upon transfer 
functioms listed in the section on control units follows: 


m Pa Nagata” Ca ae) 
“a Gu (Tt Wag ) (14 iy] (14 Fey] i 


ae -Q = Jw 
HOBEXIO? v2.8 X10 x 2.85 VIO y Yg.4 YENI ey, 


OLTF = ; — (53) 
(wy Cit 8) eee 1 as } 
yw 
opty «0 = (+ “g29) (54) 


(u)? Cree) diy] +) 


Zoeioe K = -20 log 1/.884 =—-1.08 db (55) 
The Bode diagram for this opsn loop transfer function is 
Pepure 25. 
From Figure 23 
phase margin is 66° atw= 10.5 rad/sec 
gain margin is 16 db atw= 34 rad/sec 
Geen P CONTROL LOOP 
Toe lo- P Control Loop has “een synthesized as part of 
the multi-decade automatic control system. In its design it 
has been necessary to modify the servo amplifier so that it 
will exhibit a fixed gain characteristic. (In the initial 
test design, a slight variation of serv amp gain was allowed). 
This is nécessary becausé logarthmic characteristic of the 
for N Amolifier from CN ~4 to CN l2 compensates for incréasing 
reactor pewer Jevéls with the result that the loop sain #s 
maintained constant. 
Ficure 24 is a-tlock diarram representation of this 
Comtrol Loop. 
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A linear analysis of this loop based upon transfer func- 


tions listed in the section on control units follows: 


BorF 2 Ka Ky take Ke hv kay (1+ ir ee 
(C14 Vag Ct hig) (1, 14 Se 
OLIF =< 2XxI0 $ yas Vio "ya-25 Yio ty YR .3 WP ea (57) 
-6 2 Ww. wW 
ae ere re”, i 7 ee) 
pl jw 
eye = asx (rt Zin) eg 
2 Jy wy y 
OPO Za) 6) (1 HB) it Be) 
Povllicog K = -407 20 log 4.85 = -26.28 db (59) 


From Figure 25 

phase margin is 80° at w= 1.1 rad/sec 

gain margin is 28 db atv = 22 rad/sec_ 

The kinetic characteristics of the loop are adequate, 
but could te improved by a combination of an increase in gain 
and phase lead compensation. However, to achieve an increase 
in gain an additional d-c amplifier would be required. 
D INVERSE PERIOD CONTROL LOOP 

Like the Loz P Control Loop, the Inverse Period Control 
Loop has teen synthesized as part of the Waltidecade automatic 
control system. The servo amplifier configuration used with 
the Log P Control Loop is also used with the Inverse Period 
Control Loop, although, the compensation afforded by the Period 


Output of the Log N Amplifier is only approximate as the power 
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level of the reactor increases. 


Figure 26 is a tlock diagram representation of this 


Control loop. 
A linear enalysis of this lcop tased upon transfer func- 


tions listed in the section or cecmtrol units follows: 


Ot iF =) K, k K Kaw | ve } (60) 
apa litle, Wee Fee (ibe Vit Pay Nirig,,) 


Considering performance on a 30 second reriod. 
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(The sain computation is performed at 0.05 watts, although, 


it could have been performed at any power level with the same 


result.) 
(A transfer function term is included for the CIC. This is 


Penvermt ait bub not necessary.) 


Bees yt. vio Ot Ara/ (52) 
jw rr 2% ) (1+ ee tie (7 a) 
eO ioe K v= 920 lor 1.44 = 3.16 db (So) 


The Bode diagram for this open loop transfer function 
PoeilPure ie 

An inspection of Figure 27 indicates stability is only 
a little better than marginal in this loop. However, the 
analog computer study brought out the fact that the lcop is 


Stable even with hi-her gain in the composite period detector. 
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Fortunately, excess gain is readily available in this loop and 
the loop gain may be readily adjusted to optimum. In opera- 
t20n of the’ cireult with the reactor, operation at marginal 
‘statility was obtained with 0.4 volts corresponding to a 

©O stcond period. Howéver, the OLTF with this new rain constant 
{s not precisely known because of the deviation of servo amp- 
lifier gain from the theoretical value and because of non-linear 


eperation. 


MECHANICAL DESI-N OF THE CONTROL SYSTEM 


A - CONTROL CHASSIS: 

A requirement was imposed on the size of the front 
panel by the available mounting space in the control con- 
sole. Panel #1 (Ref 13) of the console was not already in 
use and provided an adequate location from which the status 
lights on the chassis would be visible to the operator. 
Because of grounding considerations, it is also desiratle 
that tne front vanel be insuleted from the remainder of the 
control chassis. 

Pifpures cc, <2, and 50 show views Gi the control chassise 


There is an error in Figure 29. Potentiometer labelled serv 


amp gain 250K should read Period Run-Up 100 K, 


Human engineering aspects were considered. The array 
of meters at first seems confusing, however, tney do provide 
a ready indication of the status of the startup operation. 
ive een readings of PAS oTeee) aig not significant, however, 


ire dial divisions provide convenient calibration points. 
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What is important is that a lance at the meters and the 
relative position of the meter movement arm and limit contacts 
will tell the operator the status of the startup operation, 
and pive indications as to whether or not the control chassis 
moetunctioming properly. The status lishts ¢ive the operator 
a fast indication of the status of the control sequence during 
startup. These li.hts operate sequentially and can te a red- 
yollow-greeén sequence to indicate pro:zress of the startup. 

Reset buttons are provided for repro-ramming a new start~- 
up. Helipots allow accurate setting of necessary imput quanti- 
ties. A three position switch is provided to select control 
mode sequence. 

Various types of connectors are used at the rear of the 
Chassis where all external connections to the control chassis 
are made. 

CGnveaLenu eorluamuer checking power Supply references 
Zortarces are provided on the rear of the chassis. 

This original chassis was constructed primarily as an 
Pepe rmnental Gevices and unere ore, preater flexibility was 
Dud 1 t tere tne operatin~ controls than would otherwise be 
required. 

B - OTHER SYSTEM COMPONENTS: 

The CrN was mounted beneath the scaler presently installed 
in the control console (lower ri. ht }and panel).(Ref 13) 
the Jinégar ampliizver, blocking oscillator and fission chamber 
preamplititer were Jocated im aA rack near the réactor stringer 
maoors. 
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The Period Channel Brown Amplifier was mounted on top 
of the control console. By usin» the availatle recorder 
mechanism, the period indication can be displayed more accur- 
ately than the Lox N period meter readin; because of the ex- 


panded scale of the period recorder. 


ANALOG SIMULATION 

Berkeley 1051 and 1032 analog computers were used in the 
design process for the purposes of checking loop gain, con- 
trol mode switching, and for debugging the hardware developed 
MPeror to using 1t to control the watervoiler. The’ programming 
and setting up of the computers was done by Mr. Stanley Ross 
of UCRL. A discussion and interpretation of the results 
follows; | 

The setup used for 6valuating and debugging the hardware 
included both the 1032 and 1031 analog computers because of 
thée large number of operational amplifiers required. A 6 
channel recorder was used to show graphically the tehavior of 
problem variables. The new control chassis was used as an inte- 
eral part of the simulated system. 

Figure 31 shows e typical startup sequence indicated at 
the bottom of the Figure as ID - Per - Lin P (40 sec per) 
to show that the sequence of events was initial rod drive 
followed by veriod loop control (where the demanded period 
was 40 seconds) followed by Linear P Loop Control. Because 
ot Compuber Limitations the startup ranee was compressed to 


the region 5 watts to 500 watts. As shown on the Ficure, Pen #1 
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records P/10(1/10 reactor power level) Pen #2, CR Position 
(control rod position) Pen #3 records 1000/T (1000/Period), 
Pen #4 Lo: P, Pen #5 (not used) Pen #6 10 EB (10 System Error). 
At time 1 (refer Pen 2 trace) the automatic control system was 
turned on. This is a simulated start from source level. At 
time 2, the initial rod drive was stopped (manually by the com- 
puter operator since this switching could not ‘te simulated by 
the computer.) At time 3, the system was placed in period 
control by the computer operator (this switching could not be 
simulated by the computer). Even thoush the computer operator 
had to serve as part of the control loop, nevertheless, this 
evaluation was quite useful as a check of the operation of 

the control chassis in response to these signals. 


A Once the*system had been placed in périod control, then 


the rest of the simulation was done by the computer exclusively. 
Figure 32 shows a similar sequence but with Los P control 
BopSstituted for Lin P control, 'with the switchin® from Per te 
Log P after the Log P error reversed sign. Figure 25 shows 
a sequence wherein the switching from Per to Log P occurs before 
tine io- P error reversed sisn. Note that in this cas’ at 
time 4 the motion of the control rod is first out then in, 
with a correspcnding decrease in period, followed ty the 
increased period. 
In Figure 54 is shown the effect of demanding a rela- 
pivelyecast ceriod (15 sec.). It should be noted treat; 
Deemuse of toe feature’ wherety control is switched from Per 


to Lin P after the Lin P error sirnal reverses sirn, there ~ 
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is no oversnoot in weriod at this switchnoint no matter how 
fast a period is demanded. The overshoot in power (20%), 
while safe, is, nevertneless, excessive. My,reover, the amount 
Of oOversnoct has teen shown to be sensitive to the settin: 

©: the switch point. This defect has betn largely overcoms 
meincorooratin= & Period Run-Up feature discussed elsewhere 
moetils paver. 

In Ficure 35 is shown a programmed reduction in tower 
level using the Lin-Loz control mode. 

FPicurée S6 illustrates, a fail-safe feature of the contre 
chassis. At time 4 the 115 V AC supplying the control chassis 
was turned off in order to si ulate an accidentalloss of a-c 
mower. immediately, a large. error siznal of the correct 
pelerity eno ma-nitude to cause comolete insertion of theme 
PoueaG wWaxim m Speed Was introduced into the control loop, 

By desi. n this will occur regardless of which control loop 
Mepoened to be controllin= th? reactor at the time of a dest 


of AC power. 


TEST OF CONTROL SYSTEM WITH THE WATERBOILER:; 

Prior Go ailowing tne comtrol sySien to operste tne 
water beciler, test runs were rade w th an cperator running 
moe reactor, but with parts of the control system in epee, 
Macelirsuscucsus (velveo a creckout of the CRM inittedmroed 
Orive Stop channel, “After operat on of this cranmeliwas 
Sebistaectory, wie control unit was connected in ena tos eper-] 


SLor se,atn ran tre reactor, during which tinmeé.the. control 
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system was otserved and initial agjustments of the relay 
switch points were made. After this sequence cf tests was 
eommnleted, various test® of the control system were perform- 
Badewith thoeicontrol system actually starting the reactor from 
Mmiscrively Pélow the counter rang@® and bring’nge the reactor 
wo yUll cower. 
Tae varieus, ®xperimengs Serformed usine the Automavic 
Gontrol System included; 
1. Startup from near scurce level at a prosrammed rod 
mace. 
2. Period control over 4$ decades using various demand- 
ed periods in the rance, 400 seconds to 10 seconds. 
gen LOp pOWer COmtrol. at Various levels in the range 
0,04 watts to 500 watts. 
4, Multimode speraetee 
a, Fixed errorsto period @rror to lintear P 
Dee xec e€rrorevomoeri1od to log P, 
Ce.) urn P to Loger, 
ad, Period to Linear P, 
G2 eeriod to Log eer. ; 
Semeby means of an oscii@atvor rod, 4a sinusoidal dis= 
muroance@m=.nm rsactivity was introduced and the effective= 
mess Ol tirewcontrol system in bo P control demonstrated: 
; Se. Uss of the coarse rod as a nezative reectivity 


booster was investi::ated. 


7. An inverse period run-up feature was evaluated. 


ol 


A NOISE PROBLEM 
Some of the problems encountered included etree noiss 
in the control chassis. Because of the high gain of the 
servo amplifier, any noise was creatly amplified and caused 
distortion of the servo amplifier output waveform. To reduce 
the 60 cycle hum present, a low pass filter was added in series 
wth uUnes input to the servo amplifier. In an improved design 
ef the control chassis, much of this hum can te ellirinated by 
more effective shielding of the si nal circuitry andaees sine 
the noise filtsr will no lonver te necessary. Any hum of 
peak amplitude greater than 0.1 millivolts cea ae the amo- 
lifier when actual amplifier gain equals theoretical gain. 
[Preto o dbo frecuency of the filter is about 100 rad/sec 
mevilinnov Nave @ny Sivniticant effect upon tie stabilitwaor 
bie various control loops, however, it will effectively attven— 
vate 60 cos ( 377 rad/sec). | 


ite | 2h eile 


W, 100 
C Choose Reameadi, Ho e= ok 
C. T = 10X107°5- 2 wF(non electrolytic) 
“R  Sxi0®< 
Tiis filter wes effective in reducing the hum to a value 
at which successful cperation of the control system was vossi- 


mle, Lt is shown schematically in Figure 18. 


B - AUTOMATIC STARTUP FROM NEAR SCURC! LEVEL TO FULL POWER 
Figure 37 is a crude attempt to show an automatic startup 


record. During the startup shown, the recorder was initially 
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connected to a CRM - BFS channel and, finally, to a Beckman 
micromicroammeter - CIC Channel. Neither of these ~rannels 
wee used sin the control loops controllin: ,the riotion of the 
fine rod. The information available from the fission chamber- 
Cri channel which was used to stop the motion of the fine rod 
initially was not as erratic as the recorded output of the CRi- 
BFS channel. One reason is that the fission chamber is less 
susceptible to famma counting than is the BFS. While it may 
seem that automatic control is bein: used based upon informa- 
tion which has poor statistics, it must be realized that the 
human operator essentially has no more information available, 
and uses a procedure similar to that used by the electronic 
circuits. The human operator may withdraw the rod in steps 
Go determine when the reactor is critical. The automatic 
operator, vy virtue of the much cereater speed and precision 
with which an electronic circuit can make decisions, can be 
provrammed (that is be -iven experience) to use eyvailable data 
Ssconer in order to decide when to stop the rod. 

Theedesigii criterion, then, is restriction of the rate 
of initial withdrawal of the fine rod to those speeds which 
allow sufficient information to be available to the automatic 
operator to make tne proper decision as to when to stor the 
fine rod to put the reactor on a safe period. 

Experimentally, it was determined that the automatic 
Op*rator was capable of consistently stocning the finé rod 
So 25 to oroducé}~a sate rate of rise of reactor power level 


and this capability included a tomatic compensation for 


ore) 


Gitaerent cove fénperatures at startup. 

While it is realized that this feature is not essential 
Pouproper startup of tne water boiler, nevertheless, it is 
meni, that demonstration of the principls is of value for 
those future nuclear reactor apylications wrerein remote 
control of the reactor over all power levels would be desirable. 
C PERFORZANCi NeaAR FULL POWE 

Power overshoot can be made negligrible and still a rela- 
Bevely fast oeriod can be used ovér most of the 45 decade 
period rance as is indicated bv the expsrimental results 
shown in Figures 38, 39, and 40. 

Figure 38 is a logarithmic record of the final stages 
of an automatic startup with a demanded 30 second »noeriod and 
a demanded 500 watt power level. This record was obtained 
from a recorder which received an input from Ch 11 of the 
Ron N amplifier. 

Meare. oo is a linear record of the final stares of the 
same automatic startup. AS in Figure $1, the peaks are caused 
when the operator switches scales on the linear Beckman micro- 
microammetér which furnishes the input to the recorder from 
which this record was taken. 

Figure 40 is a linear record of an automatic restart 
using a 30 second demanded neriod and vower demand of 500 
watts. 


D - FAST PERIOD RUN 


Pieurée 41 ts a lorarithmic rocord of the final steees of 
an eutomatic startup with @ demand@éd 10 second period and a 


demanded 500 watt rower level. Only one run was made with 
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a 10-second demanded neriod becs: se of t e limited time avail- 
aulemaor the experiment, With additional *@éxperience, it is 
believed that tre 110 watt overshoot could te sreatly reduced 
Ey proper settinp of the switchinz levels. 

Because of the low rate at which réactivity may be de- 
Ereaged or incréased by the automatic control system wien asin 
ey tie réfulatines rod, it is necessary to start the period 
run-up at a low level (about 10 watts) when a period as fast 
as 10 seconds is demanded to srevent excessive pnowsr overshoot, 
thus the period is belng Increased continuously during soa 


final one-and-one-half decades, 


% LOC P RUN 

In Ficure 42 are shown two restarts. Restart #1 was 
accomplished using Per - Lor P control. The overskoot ¢n- 
wounbeTed can “e reduced by more’ accurate: setting of tie 
switch point. Restart #2 was accomplished usin’ Per - Lin P 
Gomtrol. time point of interest her@® is the comoarisommos 
Eee traces Woen On lin P control end om Lo- P controle. 
ioe en that when Lin P ig the controlled variable, tic aaa 


Syraencs Of Grilt in the los N amolifier., 


F MULTIDECADS LOG P CONTROL 

Picures 45 and 44 show multidecade Lom P control. 28 
Pepcecnec tate by Sine Lo- PF Control the power Level may oe 
stepped down to any level from 500 watts to about 0.02 watts 


automatically anc neld automatically at a demanded ‘cower 


level in that ran-s«. 
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GaeUS= OF COARSE ROD TO DECR 425% REACTIVITY: 

An attempt was mads to cause thse coarse control rod to 
furnish "ne:ative booster" action in the vicinity of demanded 
power so as to allow a fast period rise to full vower with a 
minimum of power overshoot. 

The followin= techniques were attempted; 

ia) By s@ttin-= REel low limit contact befone tigi: 
Re 5 a signal was available to start the coarse rod in before 
Tiwienower Was reached, Activation of Re 5 switchei contrel 
tomlin P and stopped tne coarse rod. This technique cid aoe 
redues the oversioot substantially in that the fine roa Gcon= 
pengates for coarsé rod movement in an attempt to maintain 
the demanded period. Moreover, calibration problems are 
aeute in that if the coarse rod bé*too effective, relay 5 
low limit contact wosld be prevented from making anc the 
reactor would overshoot on périod control and slowly srut 
down as the coarse rod was continued to the fully in position, 

oe Sy allowing AB S&S to actuate coth fine rod in@and 
coarse rod in motion, it was hoped to reduce the power over- 
shoot. RE 1 uvper limit contact was then used to stop the 
coarse rod. This involved one new feature, namely the acti- 
VActoOnmGlebicecull=<in featurevcr tie hich limit contacto 
Ropteot bor euNewiGs F error Weasesuiticlently reduced to gree 
Vent premature holding of the relay swin;ser. Tris was done 
ibys COT gOratiingma spare sét OfURE 5 A contacts in tne cor 
Circuit of relay 1A. 


This steature required extremely accurate czlibratison and 
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wasenot practical in that the fine rod feedback control system 
vwoummaot allow the lo  P error to increase sufficiently below 
enat @éemanded Cy linear P comtrol to actuate tie coarse roc 
Stop relay until the worth of the fine rod was reduced as the 
extrenity of the rod became the controllin: feature, 

Tae reaclt 1S ,a neracive or reverse overshoot inereacter 
power level. 

A third attempt involved a combination of the above 
imested metniods in that coarse rod motion was initiated by 
mmeoveo 2nd Stoxped by low limit contact of reley 1. This 
meoulesd careciul calibration in that insufricient overshoot 
caused the rector to shut down. 

All tnree of these methods were atandoned in favor of an 

imverse period run=uhn system which nas Veen described, 

The results of fine rod plus"nepative booster" coarse 


maGmcontrolL are presented im Figure 45, 
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Glossary of Symbc 


a@a-a constiunt 
b = a constant 
C = capacitunce, capucitor 

CLC - Garma compense tod ionisation ch mber 

D = @ tector cons wut 

Ge cain 

H(sw) - frecuency Gependent vart of a transfer function 

I - current 

K = a constant, opan loop cain, reactivity 

KK, - servo anplifier AC cxin 

Ka" - seevo arplifier curr nt to voltage conversion factor 
Ko = reruletin: ro transfer function (percent K) 

Ky - @% trunsfer funcvion 

Kr. = control motor :..in constant 


K- = Lop W amplifier euin constant (Lo: . channel) 
Xp = rerpulatiney rod trinefer function (dollarsc) 


ipe= rgactor sain conetamnt 

K) = Servo airy bier fain 

KG = transfer function 

KC' - open Joop tr:nefer function 

Kay - attenuator (coparator) transfer function 

K =a (COua uaa 

cone lib 

cons tant 

Cons init 

Court ba it 

Kr Con- Ginb 

f - tne efirective neutron :zanération time in tne reactor 
Lin t - linear power 

Log « = logaritlin of power 

m= slope of a line 

No) - dumber of wermal neutrons per em? per we Lt 
Ng - Autber of theres] nenbtrons per cm 

UOLTF - open loo; transfer fualtion 

P - roaactor nower 

P to f = peak to prak 

:bK = reactor --eriod 

R = r-sic tance 

T = reactor perioc, a Lime co istant 

Tg, = servo auplifier time cons tant 

T, = reuctor time coneiga 

Td - Loe N amplifier time constant (Eh channel) 
Ty = incicated reactor pertoc 

Ti.i = control motor time constant 

Ty ~- Loe WH amplifier tine constant (Log 1 channel) 
Tp - Loe # amplifier time constant (Eh channel) 


k) - 


Ww nd 
' 
resi fee Fae fe) Teh) 


OO 
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t= 


- reactor tine constant 
V - Voltave 


Vo - califrat.on voltage 

Vo - outpul vol tage 

Vp - voltage ;roportional to Lor P 
- control rod ;ocition 


Bors - effective total fraction of all neutrons which are delayed 
By - ith group fraction of total neutrons from fission 
- increment 
A =~ "one neutron grou" decay constant 
Ai - ith neutron vrovup dccuy constant 
P - neutron flux in the reactor 
W « anrular freaunacy, reciprocal time constant 


wa - 
Wh ~ 


1/TA 
break freque.icy 


APPENDIX IL 
MEASUREMENT OF THE POWER TRANSFeR 
FUNCTION OF THE L-3 WATER BCUILER NUCLEAR REACTOR 
introduction. 

A very thorough discussion of the transfer function of 
the water boiler reactor is contained in Ref. 17. An ‘inspec- 
tion of Figures 1, 2, and 3 of Ref. 17 indicates that the ‘* 
hishest break frequency is 

/ 
Wo = nik (1) 
for Py not too large. 

Obviously then, if the transfer function can be measured 
mapume vicinity of this frequency, it will be gsossible to 
experimentally determine a the normalized effective neutron 
feneration time in the reactor. 

Pueinernore,;,, Simceevec transier function bad not been 
experimentally determined for the L-3 watertoiler, the objec- 
tive of the measurement could be broadened to include measure- 
mént of the transfer function over as wide a frequency range 
as possible. 

Initially four methods were considered: 

le Construction of a pile oscillator and experi- 
mental determination of the transfer function over as wide a 
frequency ranze as the mechanical components of the pile 
oscillator would allow. This is the classical method of 
Farrer, Boyar, and Drucoff as used on the CP-2 reactor and 


outlined in Ref, 5. 


2. (a) The use of a statistical technique as outlined 
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in Ref. O@ whereby white noise is applied to the reactor and 
the @rosscorrelation function ctetween the input and ovtyput 
Meemeasuread, oimce Chis crosscorrelaticn function is the 
System respcnse to an impulse, it is necessary to numerical- 
ly take the Fourier transform of thse measured crosscorrelation 
function. There are major instrumentation difficulties here, 
such as obtaining the noise senerator which has a flat noise 
Spectrum over the frequency ranzte of interest and obtaining 

a crosscorrelator with the proper frequency response. More- 
Over once the molse ,enerator is obtained there is the diffi-— 
culty Of applying it to the reactor. 

(>) These difficulties are for the nost part allevi- 
ated bythe prececduvresourlined in xef. 6. By this technicanes 
it is only necessary to measure the autocorrelation function 
for power nolsie in the weactor to obtain the Woment ine func- 
tion or rector response to a unit impulse. However, there is 
Siebietne meed for a corrélation device. 

“OL recroeapolicabvon of an impulse to the reactor and 
measurement of the response was comsidered. Serious objections 
Mere involve the difiiculty of physically obtaining a -ood 
approximation to an impulse. . 

4. Application of a step function to the reactor, numer-= 
ical diiférentiation of thé respons® and a subsequent Fourier 
EeahnstOmusto Gbbaim tne transier function. The main objectien 
here is the limited accuracy imposed by the instrumentation 
whereby the response is determined. 


Since, the cquirment necessary for construction of = piles 
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oscillator was already available, this method was chosen for 
the first attempt. The pile oscillator design specifications 
were jointly determined by Mr. Fred Shon and Mr. Ernest Hill 
of UCRL, Livermore, California. The implementation of this 
design was accomplished by Mr. William Wade. The instrumenta- 
tion finally adopted was developed by the author based upon 
the method outlined in Ref. 5, and suzcgestions of Mr. Fred 
Shon andMr. Cordon Nelson. The operating crew and electron- 
ics staff of the LPTR assisted in the setting up and operation 


of the experiment. 


Description of the Experiment. 

A. The Pile Oscillator. 

The pile oscillator moved a 2cm® strip of cadmium 
with simple harmonic motion in the elory hole of the L-3. 
The peak to peak amplitude of oscillation was two inches, so 
chosen that the perturbation introduced by the cadmium would 
only occur in that section of the reactor core where the 
importance function was approximately linear with distance 
from the center of the core. Figure 1l-I 18 a sketch of that 
part of the pile oscillator inside the reactor core. 

The mechanical construction of that part pate pile 
oscillator external to the reactor is shown in Figures 2-II, 
S-II, and 4-II. Figure 2-II shows the point of entrance of 
the oscillator rod into the reactor shielding as well as the 
aluminum mounting and supvort table and bvrackets. 

Ficure 5-II shows the scotch yoke assembly whereby the 


rotational motion of the variable speed motor shaft was 
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converted to simple harmonic motion of the oscillator rod to 
provide for a sinusoidal variation of reactivity. The ampli- 
tude of variation was fixed by stroke lenrth and wes desisned 
menbe small im erder Co mot exceed tre linearity requirements 
associated with tne definition of the transfer function. How- 
ever, the amplitude of reactivity variation could be changed 
by the insertion of cadmium absorbers of different sreas. The 
brackets attaching the table to the reactor were constructed 
with adjustable slots to allow optimum positioning of the 
Sacillator rod in the ¢lory holé%. 

Figure 3-II also shows the 1:1 gearing arrangement where- 
by the swinger of a one turn helipot was geared to the oscil- 
lator rod drive. This helipot was used to :enerate a saw- 
tooth waveform to provide both frequency and phase information. 

Figure 4-II shows the variable speed motor ond gearbox 
which was used to drive the oscillator rod at speeds from 
0.076 to 157 radians/sec. Also shown is the helipot from 
which phase and frequency information was obtained. 

B. Instrumentation. 

A schematic representation of the instrumentation 
used is shown in Figure 5-II. 

The two channel.recorder was used at the lower frequen- 
cles to determine frequency and phase cetween input and out- 
Duu Ss SilegameenuncCuLoneor Frequency. At the higher fre- 
quencies the two channel recorder was used to determine 
frequency and relative amplitude of the output signal, but 


not phase information because of the limited paper speed of 
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the recorder. Phase information and frequency were determined 
at the higher frequencies, by using the dual beam oscilloscope 
and polaroid cemera. 

In order to determine the steady state power level during 
the measurements, an accurately calibrated Beckman micromi- 
croammeter was used. 

To convert from relative to absolutes amplitudes the wortn 
ot the oscillator rod was determined by 2 c&hibration a=ainst 
the fine control rod, the worth of which is accurately known. 
Moewas also necessary to know the transfer function of the Cic 
and coupling network and the calibration of Channel A of the 
Orimet recorder. 

The CIC used is the CIC with optimum placement with res- 
pect to the reactor core (the Servo Amp. Lin-P CIC). 

C. Sample Calculations. 

Firure .o-l i fives equivalent circuits for CIC and 
CoupLinomcircultry to the recorder and oscilloscope. The 
input impedance of the oscilloscope end the recorder, as well 
as cable and CIC capacitance, measured by means of MOD 250 DA 
Teedanee Brides o13 aecounted for. 

Figure 6(a)-II is the zeneral equivalent circuit. The 
marpnitude of the current Ip is known to te 0.05 :icroamp/watt 
reactor power, 

The values of resistance indicated are specified to the 
order of maznitude that they are known. A consideration of 
Figure 6(a)-II will indicate that ft a [te to the order of 


magnitude that the variable and circuit parameters are known. 
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Figure 6(b)-II is an equivalent circuit a’ propriate for 
consideration of current division in so far as maznitude of 
Lae output sicnal is coneerned. Thus to the accuracy of the 
data the effective magnitude of the transfer function from 
reactor to recorder input is 0.025 Aa/watt over the frequency 
range of interest. 

Figure 6(c)-II is an equivalent circuit aprropriate for 
consideration of pnase srift from reactor to oscilloscope. 


Phase shift C4 = -arg (1tjwT) 


where T =RC =0.5X105xX1236x10712 =518x10-5§ (es 


T = 6.18xX1074 sec. (3) 

Figure 7-II is a plot of phase lag in the detector cir- 
cuitry as a function of frequency. 

Conversion, Relative to Absolute Gain; 

Pile OSC Expt. 2/19/59. (Table 4-II) 

Inputs 0.057 dollars peak to peak worth of oscillator rod, 


Output: 


V, = calibration voltage of dynagraph =1lmV 
a 7.3 mm 


CIC Constant =5.0X10~-5 amp/watt reactor power 


Detector Constant, D 


Ke) 
D= 47k x 220% 10— Sele t7xlo-— volt/watt 


Py =459.W (1.35X10%5Beckman #1) 
For Chart Sensitivity used 


DVg 20.117 my X 7.3 mm =0.854 mm 
WwW mv W 
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Cain — Vout P_ to P (mm) (4) 
0.854 mm Popo XAKp to p 


At O db relative 


Cain —23,2 1.04 (5) 
0. 854X459X5. 7X10-* 


20 log Gain Factor =20 log 1.04 =0.32 db 
In FigureszI-8 and 9-II, samples of the measured data 
ere shown. Figure 10-II is a plot of the magnitude of the re- 
actor transfer function. Figure l1l-II is a plot of the arpu- 
ment of the reactor transfer function. 

The reactor is herein treated as a minimum phase network 
Haecnab Sither Figure 10 or Figure 11 is sufficient tosgerer = 
mine the transfer function. It is noteworthy that the promos 
neutron lifetime as determined from either plot is substan 


tially the same value. 


ge = + S- = 15x02 sec (6) 


If we assume Berr =0.00855 
X=f* Bepp=i.155K107* sec a 
This value of 1* will be used in both the linear analy- 
sis and Computer 5S-dela¥ed-neutron-froup analysis of the con- 
trol system being designed. 


DVg =0.117mV X24 «mi/mv = 2.81 rm/w 
Ww : 


Gain —V out P to P (mm) 


2.81 7 Po XAKp to P (4) 
Cain — Vout = 6.24 Vout (8) 


recites, 95,7 X10-2 Pe 


63 


at 4 Nf 7 : 7 
— . 
‘ r, 
oe ee, 7 
: 
H ' 


AGCNiruDE | 0 


? 

- e - - 

=. = iS 

- « 
- ee. 
- - 
ry 
-_ | P 
[ = ° a 4 
: | . 
—S = ———— es oe - = a a ee 
= _ - 


=> be 
>) 


§ €YCLIS X% 6O DIVISIONS 


eorre ar 


t 


TA 
éFn2" | a 5) 
ted pasteles |. (/93 
nae al Yes) 


12ND 6173 f 69 


IZNU tY¥b) 


= TAOLE RH 
! i | j 

| Opck eg MW Layo AILCMC 4 140 1) & TER 

F/ enna — 

| 


a ies a Ja =e | ; 


< 
g 
" 
* 
= 
Se 
Sy 
SS 
a 
Nyy 
e 


Wom | mel -7 | ’ | y i 
“OW, a = Sa. 7o a> ' - ' =i 
werW\_ = \4 As ae ea 232-7 =. ee eer 
| Keeney | | L i = 
\ a Nicaea r a 


= 
2 
a 
\! 
NG 
a 
43 
& 
wee as | 
( 
YY) 


—— 
| 
| 
J 
ont 
a 


ET ae ad YE) A 
: 


{ 


12ND 6901 


= ML i ee See AEYCT CR ees LCT ICN cha vA 5 MIE. OLED, 
Varg f | Bae Viese | 4s ei cnn Ler & rep os aS | ' e Lee cA NK || 

‘Kew [eee Cae G Ces x oe eee f@cwa. ace oad ered Lee hg Ke ped i regi C25" 5 wan AEWA KS 

ae AS neon, CPS | | ge . —_ | XX 04 ; ' 4 7 eee | 2ea 4 Z i. 

eS 2-2 3 kega (h. 2 | = MCS SL bY Ot, av o.-0; 0 J Va Le 

Ree 2 1079 1 70) a9 ae 4a et 15, 1d WW. 6 ASEM Y 308 787 Id 

_ Ae SA ee! 19 = 2 Maite ME ABA 6 F524 Ele CLL AL | 

IL Vso WSLS 6 173 FER 7 LP PISS F4 Y£ (Seo 73ea, bd FL NZEAY wails 

ee ee eS ee 
eee Fl ss a -73 Wel 3.2 Ube a oe “479-3 Q~-tdo WAT Boot | Bas. 

ae | a ask 


= Ee come a 2 
Le, Ma 2s, Spal 1a Hanes 2 Aa 9 gi APL In 5. 4M =, $03. bo 52) me os 


=, alt 7 +—-—= ee : peal, ia fiers ae anal — ; ml = es 
Ye aes fi) 13 HE gs, da Abe. VAG, geod! Lae sy EXE | | 


Y, en ee leas it Cytol aaa OLLIE lel “f3k 7g a | a 
fe od fog as FBT Yk 22 ob fo fF, 5 dad -d970-9.4 fo Yb 
nd OO 2B ass, 9 G1 \4L0\ 5.1287 - SYarfo he fpsHhe, | 
} Fede Ae b, -/34 Gir te S57 cm 27 /; Fa Ib Ba SO IS SP2 as Am 
Le Bre” Be Fa, “130s el fy, 5 Rerice sh OL S57 Ga a SS Sl | 
| ae “e_\0P8 | 477g 13° Taq, a ay AVILA Nr Qo £79 #ISP AGED OL - nin 
i AM —— = eo ae a Fe Sharer i ee hl a ae Ca Sa 
Ke MAPS op |-yat Bpe Og Ae CLEA C= EUS ALE a 
_ ON eae Lc 134 $y te 2. = Se SI ETR 1M Mh nag 6. WADE | 
= =, SMP 14, (39 PEO He 5| = BL 4 E38 LILGT Fb S88 tt Va 
= eee SE git) 13" Hd a ta. 4 2 SF L9¢ 95, 2 ee eee a | A 42 G) i — 
nr /E. Ea | 


pe ne BPA Ebay 13! Boe ya by = FPS 7 a a4 IAE Fi 3Y0 Ht, fa E 
| oe < | | | 


wore ee: Tp | Tha Zee - | ar aioe oo 


| | | ‘ ha 
. a el ale : | 
me | ee 


—_———— tH 
——_}— 
ae 


CONTE EMO COE Tg M6 VN KAYSE EK fetitil [ 1011. -miyg CO of 
- 7 kf VLE OSC. EXPT Za 
hi F ey hemp i Base thnse ‘hy se| Pa P| WOFCK a PC Me hegre tee) De wae! Ed 


By 
WAcw | SPEED ffners FE G_ I-FKEG Cone | Lae LAG Cen, ape | H / Kee He. Arie te, CF i /iae hy $6 


J sin 
| He fee ee GAs nate -fF 6 dee FE eneMinE vars ‘Garr DE Le 4 _ OEE ae l 
the 46 


-— 


= JC le. +577 \ 4030)- (30 tA Ae be eas oC nee LI HSIN fet a nn a oe moe ee, 
LOOINGS, F tah WM Caiee fei se 00 fo J3. =a ete VSI vg ho, og } (Fd. 32. - 2. uf 


ee | a ee 


JD 'sea th thy s¥ yet iste yg gh ‘ , AG MeL FINA 7 IC ACB S| 
i /g ae) CEG, oo sl Me ab as gee ¥ 7 1380-8. S27 22 9 He, 
W/ hig ian Be _ mes é i on We: oo ee ae is > eee 
fd Pi ae BE 3g tiie SB 5G 3s ¥S9 zn, ie Ses reas 
Ne eye IN al on el USE Hee ib 
Ge). 75) LEI lier 305 32 “12.98 SIF 5-9 


AY, pee Je WES 3 - | ae rs j 
ft VG, Weare Je CP mi A265 Sy AS ae Po? os ND em 13-8 ee “eo 
j t H aes 
LINRERAPE SENT HiT P 7.8 cme ri | 
[ae Be ; ean” 


! 

Ss 
Se es 
! 


aaa i 
( 
| 
ae | 
} 
! 
| 
| 


Te 


De Disicuss.1on of @itesults. 

Figure 12-11 is a plot of the argument of K G based 
on data taken with P95 =90W. The shape of the curve is similar 
bomthat shown in Figure 21-11, Duty § eo to ve displaced 
about two defrees from that of Figure 1l1-II1. The data upon 
which Figure ll-IT is based is considered te ve more accurate 
at the hirh frequencies because of noise present on the oscil- 
loscope when taking the measurements at 90 W upon which the 
phase determinations shown in Figure l2-II are besed, 

Fipure 15-I1 is a composite plot G@itme amplitude data 
obtained at 90 W and 459 W. These data were not affected 
by the noise prosent at hieh frequenci¢smunstne 9O watt run, 
because all amplitude data were oftained from the recorder, 

In the frequency ranze of measurementy the transfer 
function is shown to te essentially the same for these two 
@ifferent power levels. These results Wiaem compared with 
Figures 1 and 2 of Ref. 17 are seen to Ge in réasonable but 
not exact arreement. In additicn to possible experimental 
error, the discrepancies mi:;ht be attribubed to the power 
feedback loops, especially the radiolytiegeas feedback loop 
Which hag not been completely described analytically. In 
thee tneeretical development, the time comstant chostn for 
the gas loop is 1/100 sec. Were this time constant loncer, 
the effect of bubble formation would be more si nificant in 
the frequency Tance of interest, and them@mcoreticak result 
would be more pearly in a reement with thie experimeac. 


Ref. 17 points out that recent experimental results indicate 
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that the analytical transfer function should take into account 

a dissolved gas stage and an average bubtle formation time. | 
In evaluating the results, one also needs to consider 

that in the experiment there were deviations from the stand- 

erd conditions prescribed in the theoretical development. 

The gas in the sphere was at a pressure less than atmospheric 

Pimcgeune Characreritagtics of the cooling system which affect 


the heat-transfer-feedback loop are not precisely known.’ 
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APPENDIX III 


NODIFICATIONS AND ADLITIONAL EXPERIMENTS 


A. Proposed Chances to the Original Design. 

1. The minimum period which will be programmed auto- 
matically will be ten seconds. It is compatible with con- 
trol loop response to program 0.35 volts = ten second period. 

Assuming 170V power supply, droppinr resistor is 


70 
= X 500, = 280 K + 1% 


Brown recorder used in the period control loop should be 
equipped with a lK»retransmitting slidewire instead of a 50Knr 
retransmitting potentiometer. Dropping resistor in series 
with this 1K slidewire is to be 280K +1%. Period run-up 
potentiometer is to be changed to 1Kxl watt, Period demand 


potentiometer is to be 5004, ten turn Helipot. 


2. Versatrol Control Units shown in Table III should be 
installed to replace the temporary load relay assembly shown 
in Firure 20. The use of individual load relay power supplies 


Witt increase. reliability. 


3. With the exception of the LE 1366-1C power supplies, 
entire control chassis is to be enclosed in an aluminum 


shield to eliminate stray pickup. 


4. All leads carrying de control signals are to be 
shielded ang isolated from other leads in the control chassis 


insofar as possible. All relay coil leads, external to 
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Vetaatroal CONLroOm Units, are to be shielded. It is expected 
that improved shielding will allow removal of the noise 
fooler Shown ine Pieure 13. 
5. Log P demand potentiometer is to be changed to 50K. 
Y 
6.) Diodemoleseresistors in the Loe P Comparator are to 
be changed from lOKnto SK.x. 


rf 


7. Initial Rod Drive Potentiometer is to be reduced from 


lKato S00O“ten-turn Helipot. 


S&S. the fixed gain bias curcult shown in Figure III-1 is 
to be installed in stage two of the servo amplifier instead of 
the temporary modification to stage two presently installed. 
Resistors indicated by symbol number are parts of the unmodi- 
Peed servo amplifier. 

Several of the chanzes proposed herein are merely remov- 
al of temporary modifications made necessary in the original 


model by the short time available for experimentation. 


B. Proposed Additional Experiments. 
1. Repeated startups from source level, observing the 
effect of varying Initial Rod Rate Drive. 
2. Recalibration of sll @eémand Helipots and meter 
Limit points: 
3. Amore extensive evaluation of Per - Log P startups. 
a. A measurenents of the réactor transfer function by the 
step method at various power levels to obtain data in the fre- 


quency range 0.001 to 0.1 radians per second wrere sinusoidal 
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SYMBOLS: 


(A) = To Junction (R24,S1-5 


(B) = To Swinger Beckman 
Powerset as in Un- 
modified Serv Amp 


7~-_ 
C2 

— 
i 


To Swinger S1-4 


| 
)| 
| 


Notes: 
1. Relay contacts are in Auto-Controller Chassis, 


2e Resistors shown shaded may be mounted in Auto- 
Controller Chassis. Except for RE 6 and S2, all 
other components were in unmodified serv amp 
(Ref. UCRL TL 69945). 


Owe porary modification to servo a.p shown in 


Figure 18 is to be removed prior to acco..plish- 
Ment of this siodification. 


POGURE 1 = APPENDIX, LiL 


techniques are not effective. 
5S. A measurement of the reactor transfer function at 
steady state by correlation techniques to compare with the 


results already obtained. 


C. Other Possible Nodifications. 
1, S6t Back Circuits: 

A minor modification to the Log P comparator would 
allow incorporation of a Setback Circuit. Such a circuit 
would automatically place the reactor on Log P control and 
insert the fine rod so as to reduce power level tc a level 
below that demanded by Lin P control. RE 5 must be replaced 
by a high limit contact Symplytrol. The revised comparator 


crrcui is shown in Figure &€ - Ill. 


2e Dual Node Control: 

By inserting a sensitive relay in the RE 1 coil am 
of the Log P comparator, it is possible to allow Per Control 
whenever the power level soes below the demanded power level 
by a prescribed amount. This modification is shown in Figure 
o = lit tt 1s net used to remove Log PF control because of 


safety considerations. 


So. sequential Interlock Circuit: 
It is possible to eliminate the need to reset Symply- 
trol Relavs for restarts and provide an added safety feature 


thereby. This modification is shown in Figure 4 - III. 
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4, Automatic Withdrewal of Safety and Coarse Control Rod; 
fhis mo@aification is a minor one. Sinee the sefety 

rods are withdrawn sesouentially to the fvll out position, 
it is only necessary to parallel the manual switch connections 
with two sequential relays. The coarse rod may be withdrawn 
a perscribed amount by either a time delay relay or the use 
of a potentiometer attached to the synchro coarse rod position 
indicator and a Symplytrol-Relay-actuated stop relay with a 


manual override switch. 
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